Abstract In order to improve the deposition rate and microstructure of pyrocarbon, nickel was introduced by electroplating on carbon fibers and used as a catalyst during the deposition of pyrocarbon at 1000°C using methane as a precursor gas. The distribution of nickel catalyst and the microstructure of pyrocarbon were characterized by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and Raman micro-spectrometry. Results show that nano-sized nickel particles could be well distributed on carbon fibers and the pyrocarbon deposited catalytically had a smaller d 002 value and a higher graphitization degree compared with that without catalyst. In addition, the deposition rate of pyrocarbon in each hour was measured. The deposition rate of pyrocarbon in the first hour was more than 10 times when carbon cloth substrates were doped with nickel catalysts as compared to the pure carbon cloths. The pyrocarbon gained by rapid deposition may include two parts, which are generation directly on the nickel catalyst and formation with the carbon nanofibers as crystal nucleus.
Introduction
Carbon-fiber-reinforced carbon matrix composites possess many advantages of carbon materials and graphite materials, as well as other noble properties such as low density, high thermal conductivity and heat capacity, excellent strength, fracture toughness, heat shock resistance, and so on. [1] [2] [3] Therefore, carbon/carbon (C/C) composites are applied in the fields of national defense, military projects, aerospace, nuclear power, biomedicine, and some civil industries. [4] [5] [6] [7] One of the most common methods to fabricate C/C composites is isothermal chemical vapor infiltration (ICVI). [8] [9] [10] However, the process of ICVI is time-consuming and costly because of the low deposition rate and high deposition temperature of pyrocarbon. [11] [12] [13] An alternative to conventional ICVI processing which incorporates a second material into carbon preforms to catalyze carbon deposition by a liquid impregnation method has been used. [14] [15] [16] [17] Nevertheless, it is difficult to make the catalyst well distributed by this method and the precursor gas channel is easy to be blocked for the particle size of the catalyst is too big. In order to solve this problem, chemical catalysis and electroplating have been combined to fabricate pyrocarbon in the present work. The microstructure of pyrocarbon and the catalytic deposition mechanism have been analyzed and discussed.
Experiment

Append of nickel catalyst
In order to ensure the stability of electroplating solution and the uniformity of nickel catalyst, the preconditioning of carbon cloth is essential. Therefore, heat treatment of carbon fibers was carried out under flowing nitrogen at 500°C for 1 h using a pipe electric furnace. The heating rate was about 4°C/min.
The circuit schematic of appending nickel catalyst by electroplating is showed in Fig. 1 . The carbon cloth is suspended on the nickel wire which is connected with the negative pole of the DC power supply as cathode and the nickel plate is linked with the positive pole of the power. Electroplating would begin when the carbon cloth is adjusted directly facing the nickel plate. The Watts solution is adopted and the composition of electrolyte is as follows: The optimum process is listed below: the pH of the plating solution is within the limits of 3.6 and 4.0, the temperature is 50°C, and the cathodic current density is 0.38 A/dm 2 . The carbon cloth was taken out and washed with distilled water after plating. Then the mass percent of nickel catalyst could be calculated by the following formula after being dried:
where W
0
Ni is the mass percent of nickel, W Ni is the weight of nickel on the carbon cloth, and W c is the weight of the carbon cloth.
Deposition process of pyrocarbon
The ICVI process was completed in a self-made CVI reactor, and monolayer carbon cloth with a dimensional size of 42 mm · 50 mm was used as a preform. The temperature rose in inert atmosphere after the carbon cloth was charged in the furnace. The temperature-rise period would not stop until it reached the deposition temperature at 1000°C and then methane would be fed as a precursor gas. The samples were kept in the circumstances for one hour and then taken out after naturally cooling down to room temperature.
Observation and characterization of microstructure
The distribution of nickel catalyst was investigated by electron back scattering diffraction (EBSD, Quanta 600FEG) combined with energy dispersive spectroscopy (EDS, INCA Energy 350). The morphologies of carbon fibers and pyrocarbon were examined by scanning electron microscopy (SEM, JSM-6700F). The crystal structure of the obtained products was observed by X-ray diffraction (XRD, X'Pert Pro MPD) and Raman spectra (Renishaw-invia, the wavelength of the incident wave is 514 nm).
Experiment results and discussion
Distribution of nickel catalyst
There is usually a layer of organic coating on carbon fibers, which makes the electroplating process difficult because of their bad wettability with the electroplating solution. Therefore, it is necessary to remove the organic sizing before the electroplating conduct. As shown in Fig. 2 (a) and (b), the surface textures of pre-conditioned carbon fibers deepened and the specific surface area increased, so the surfactivity was improved after heat treatment. Experiments show that there are more nickel catalysts on pre-conditioned carbon fibers under the same technologies than on the carbon fibers without heat treatment. Moreover, the EBSD and surface images of carbon fibers with nickel catalyst are shown in Fig. 3(a) and (b). It is apparent that the nickel catalyst was well distributed on the pre-conditioned carbon fibers. Therefore, the carbon cloth after heat treatment has been used in the following experiments. 
Analysis of deposition rate and microstructure of pyrocarbon
As shown in Figs. 4 and 5, the deposition rate of pyrocarbon is the fastest when the mass percent of nickel catalyst is 3.6% at 1000°C in the first hour, and in this condition, the deposition rate of pyrocarbon on the substrate with nickel catalyst is more than 10 times compared with that prepared without catalyst. However, from the second hour to the fifth hour, the deposition rate of the former is just less than two times that of the latter. Moreover, for the former, the deposition rate of pyrocarbon in the first hour is about three times of that in any hour of the following time. Therefore, the deposition rate of pyrocarbon could be improved greatly when carbon cloth substrates were doped with nickel catalyst and the effect of catalyst would weaken with the time going on. The XRD patterns of the products obtained with and without nickel catalyst in three hours are shown in Fig. 6 . There is a sharp diffraction peak at the 2h of 26.44°on the sample doped with nickel catalyst and a broad diffraction peak near the 2h of 25.26°on the sample without catalyst. According to Bragg's law, the d-spacing of the carbon (0 0 2) plane can be obtained from the following equation:
where k is the wavelength of Cu K a radiation and h is the diffraction angle. 
where K is the empirical constant and B(0 0 2) is the full width at half maximum of the (0 0 2) peak. The d-spacing of the (0 0 2) peak, crystallite size, and degree of graphitization of two types of sample are summarized in Table 1 . The degree of graphitization of the sample without catalyst is negative, which indicates that the products obtained have not been graphitized. According to Table 1 , a huge difference between the two samples is discovered: the smaller d-spacing value, larger crystal size, and higher degree of graphitization indicate that the order of products is improved after the catalyst is doped. Therefore, the microstructure of the pyrocarbon obtained with catalyst becomes denser. The Raman spectrum is usually used to characterize the structures of carbon materials because of its sensitivity of defects in materials. The D peak at $1360 cm À1 , G peak at $1580 cm À1 , and the ratio of the integrated intensities of the two peaks I D /I G are vital parameters for characterizing carbon materials. As indicated in Fig. 7 , the locations and intensities of the two peaks are changed in different degrees. Compared with the test results on the pure samples, the location of the D peak shifts to a higher frequency and its intensity reduces, but the alteration of the G peak is exactly the opposite. Moreover, the I D /I G ratio decreased from 1.07 to 0.83 according to calculation. It is known that the lower the ratio of I D /I G is, the higher the degree of graphitization of a carbon material is. Therefore, the microstructure of pyrolysis products on the samples doped with nickel catalyst is more compact, which just confirms the XRD results.
Rapid deposition mechanism of pyrocarbon
The microstructure of pyrocarbon depends on the reaction mechanism of CVI. During the CVI progress, the reaction contains gas-phase reaction and interfacial reaction. Gas-phase reaction is comprised of decomposition and thermal polymerization of the precursor as well as the gas nucleation. Interfacial reaction includes the adsorption of hydrocarbon gas on the preform surface, the formation of pyrocarbon by dehydrogenation and desorption of gas product. The main factors that influence the sedimentation mechanism of pyrocarbon are as follows: the properties of the precursor, deposition temperature, pressure, residence time, and the ratio of the surface area to the volume of the preform. 18, 19 The two kinds of samples were prepared by the same ICVI process. Therefore, the process conditions and influencing factors of the deposition mentioned above were identical. In other words, the only difference was that one had nickel catalyst while the other did not. According to the analytical results of XRD, Raman, SEM, and the deposition rate in each hour, the mechanism of pyrocarbon by rapid deposition may be composed of two procedures, which are pyrocarbon generated directly with the nickel as catalyst and produced with the carbon nanofibers as crystal nucleus.
The roughness and specific surface area of the preform are increased due to the addition of nickel catalyst, which is beneficial for the adsorption of hydrocarbon gas on the preform surface. The deposition rate of pyrocarbon improves for the nickel particles act as nucleation centers. In addition, nickel has the function of catalytic dehydrogenation at high temperature and perfect dissolving capacity with carbon atoms, which could reduce the activation energy and interfacial energy between the gas phase and the solid phase and then make the deposition rate improve. It is a catalyst in common use for the preparation of carbon nanofibers, 20, 21 which plays a positive role in the deposition of pyrocarbon. The high-resolution SEM micrographs of pyrocarbon are showed in Fig. 8 . The products obtained consist of pyrocarbon and carbon nanofibers due to the existence of nickel catalyst (see Fig. 8(a) ). It is known that the deposition rate of pyrocarbon is related to the roughness of the substrate. The carbon nanofibers growth in situ would improve the sites of nucleation and deposition which benefits the deposition of pyrocarbon. In addition, the polyaromatic with conjugated p bond obtained from gas-reaction at high temperature arrange orientatively and grow along with the carbon nanofibers which also have conjugated p bond. The energy would reduce further through partial overlapping of p-p, and the pyrocarbon with a high order degree. The deposition of polyaromatic on the carbon fibers is mainly by the way of piling up freely, and pyrocarbon with a low order degree is formed.
Conclusions
(1) Nickel catalyst in a fine size can be loaded on carbon cloth evenly by the electroplating method. (2) Compared with the traditional ICVI method, the deposition rate of pyrocarbon would be improved and the Fig. 7 Raman spectrum of pyrolysis products. Effect of nickel introduced by electroplating on pyrocarbon deposition of carbon-fiber preformsmicrostructure would be denser if nickel catalyst is added in the preform. (3) The mechanism for catalytic deposition of pyrocarbon has been conjectured by the deposit quantity of pyrocarbon in each hour and the SEM photograph. The pyrocarbon gained by catalysis includes generation directly on the nickel catalyst and formation with the carbon nanofibers as crystal nucleus.
